Abstract-Activation of the cholinergic anti-inflammatory pathway through direct activation of nicotinic acetylcholine receptors on immune cells can inhibit pro-inflammatory chemokine and cytokine release and thereby protect in a variety of inflammatory diseases. The aim of this study was to investigate whether nicotine treatment protected against acute lung inflammation. Mice challenged with intratracheal lipopolysaccharide (LPS, 50 μg) were treated with nicotine (0.2 or 0.4 mg/kg, sc). After 24 h, bronchoalveolar lavage fluid (BALF) was obtained to measure leukocyte infiltration, lung edema, and pro-inflammatory chemokine (MIP-1α, MIP-2, and eotaxin) and cytokine (IL-1, IL-6, and TNF-α) levels. Nicotine treatment reduced the LPS-mediated infiltration of leukocytes and edema as evidenced by decreased BALF inflammatory cells, myeloperoxidase, and protein.
INTRODUCTION
Acute respiratory distress syndrome (ARDS) is a major complication of conditions such as sepsis, trauma, and severe pneumonia. ARDS is characterized by an extensive lung inflammation involving the local recruitment and activation of polymorphonuclear neutrophils [1] [2] [3] and the release of pro-inflammatory mediators such as chemokines and cytokines [4] [5] [6] and both reactive oxygen and nitrogen species [7] . This inflammation causes alveolocapillary damage, high permeability pulmonary edema, altered lung mechanics, and severe gas exchange abnormalities [1, 2] . Currently, treatment remains largely supportive as despite significant advances in understanding the underlying pathogenic mechanisms of ARDS, no satisfying therapeutic approach has emerged. To investigate prospective clinical therapeutic strategies to combat ARDS, several animal models have been developed, in particular the in vivo administration of lipopolysaccharide (LPS), a component of the cell wall of Gram-negative bacteria, which has gained wide acceptance as a clinically relevant model of severe lung inflammation [8] .
The cholinergic anti-inflammatory pathway has been identified as a major neuromodulator of immune cell function [9] with stimulation of the vagus nerve protecting against endotoxic shock by directly affecting immune cells [10] [11] [12] . Nicotine also attenuated inflammation in human subjects exposed to endotoxin [12] . Nicotinic acetylcholine receptor alpha7 has been identified on the surface of immune cells which, following activation, mediates cholinergic regulation of inflammation [13] via the activation of jak2 and STAT 3 [14] , resulting in a decrease in pro-inflammatory cytokine production particularly TNF-α [11, 13, 15] . The involvement of a nicotinic receptor supported the previously observed anti-inflammatory effect of nicotine in colitis both in animal models [16] and in human patients [17] . Nicotine treatment also reduced the incidence of type I diabetes in two animal models [18] , again an effect observed in the human popula-tion [19] . Nicotine has also proved to be antiinflammatory in animal models of CNS inflammation [20] , arthritis [21] , allergy/asthma [22] , intestinal inflammation [23] , peritonitis [11] , and ricin toxicity [24] .
This study was undertaken to evaluate the effects of activating the cholinergic anti-inflammatory pathway with exogenous nicotine on acute lung inflammation induced in mice by the intratracheal instillation of LPS in vivo.
METHODS
In vivo studies were performed in accordance with the National Institutes of Health guidelines and with the approval of the local institutional animal care and use committee.
Intratracheal LPS Administration
Male BALB/c mice, 8-10 weeks old, were anesthetized with a mixture of ketamine (80 mg/kg) and xylazine (30 mg/kg) intraperitoneally (ip). A 1-cm midline cervical incision was made, exposing the trachea. Intratracheal administration of LPS (Escherichia coli, O127:B8) or vehicle (phosphate-buffered saline (PBS), pH 7.4) was performed with a bent 27G tuberculin syringe (in a volume of 100 μl), as described previously. The cervical incision was closed with 5.0 silk suture and the mice returned to their cage. The animals recovered rapidly after surgery.
Bronchoalveolar Lavage
Twenty-fourhours after the surgery, the mice were reanesthetized with ketamine/xylazine, ip. The animals were bled by transection of the inferior vena cava to reduce hemorrhage into the lungs. Bronchoalveolar lavage was performed by the intratracheal instillation of 1 ml PBS (pH 7.4) into the exposed lungs (maintained within the thoracic cavity). The lavage fluid was infused a total of three times into the lungs before final collection. The bronchoalveolar lavage fluid (BALF) was then centrifuged at 5,000 rpm for 10 min and the cell-free supernatant frozen at −70°C until further analysis. The volume of cell-free supernatant was measured for each animal.
Treatment Groups
Animals challenged with intratracheal LPS were treated with nicotine, 0.2 or 0.4 mg/kg total dose given over 24 h (n=14), or vehicle (isotonic saline, 0.2 ml, n= 14, control group), administered i.p. BID at 1 and 12 h after surgery. In addition, there were two groups of sham-operated mice (n=10) challenged with intratracheal PBS instead of LPS and treated either with saline or nicotine (0.4 mg/kg).
Measurements

Protein Assay
The amount of proteins in the BALF was assayed using the Bradford assay [25] . Proteins are expressed in micrograms protein per milliliter BALF
Myeloperoxidase Activity
The activity of myeloperoxidase (MPO), an indicator of neutrophil accumulation, was directly measured in the BALF. An aliquot of BALF (20 μl) was mixed with 1.6 mM tetra-methyl-benzidine and 1 mM hydrogen peroxide. Myeloperoxidase activity was then measured as the change in absorbance at 650 nm at 37°C using a Spectramax microplate reader (Molecular Devices, Sunnyvale, CA, USA) [26] . Results are expressed as milliunits of MPO activity per milliliter BALF.
Cytokines and Chemokines
The amount of the pro-inflammatory cytokines IL-1, IL-6, and TNF-α and chemokines MIP-1α, MIP-2, and eotaxin were determined in the BALF using commercially available ELISAs following the protocol provided by the manufacturer (R&D Systems, Minneapolis, MN). For the measurement of pro-inflammatory cytokines and chemokines in mice challenged with LPS, BALF was diluted 1:2 to 1:5. BALF was assayed undiluted in sham animals.
Lung Histology and Immunohistochemistry
Histopathological changes induced by LPS were evaluated in five mice treated with nicotine treated with 0.4 mg/kg BID at 1 and 12 h and five mice treated with vehicle. Twenty-fourhours after surgery, the animals were anesthetized, killed by exsanguination, and the lungs were inflated fixed with 4% paraformaldehyde. Paraffin-embedded lungs were sectioned at 3 μm and stained with hematoxylin and eosin for morphological analysis [27, 28] . Photomicrographs were taken with a Zeiss Axiovert 25 microscope equipped with a digital camera and show representative images.
Data Analysis
All the data were statistically evaluated using analysis of variance. When the relevant F values were significant at the 5% level, further pairwise comparisons were made using Tukey post hoc test. Statistical significance was assigned to p<0.05.
RESULTS
Nicotine Reduces Lung Leukocyte Accumulation and Formation of High Permeability Edema After Intratracheal Instillation of LPS
Treatment with nicotine (0.4 mg/kg) alone had no effect on lung leukocyte accumulation, as evidenced by BALF cell numbers and MPO activity being not significantly different to those found in sham animals (Fig. 1a, b) . Administration of LPS elicited a massive inflammation of the lung as demonstrated by a marked increase in BALF cell count (Fig. 1a) and MPO activity (Fig. 1b) , indicating the presence of a significant proportion of polymorphonuclear cells. Nicotine treatment, at both 0.2 and 0.4 mg/kg, significantly suppressed the accumulation of leukocytes in the alveolar spaces, as indicated by a significant reduction BALF cell numbers (Fig. 1a) and MPO activity from 618± 78 mU/ml to 211±27 and 116±19 mU/ml, respectively (Fig. 1b) .
A hallmark of ARDS is the development of high permeability edema, characterized by a high protein content of the edema fluid. Such abnormalities were present in the lungs of mice exposed to LPS where the protein concentration in the BALF increased more than fivefold from that in sham animals (Fig. 1c) , an effect attenuated by both 0.2 and 0.4 mg/kg nicotine (Fig. 1c) . Nicotine alone had no effect on BALF protein level as compared to the vehicle-treated sham mice (Fig. 1c) .
Effects of Nicotine on LPS-Mediated Increases in BALF Levels of Chemokines and Inflammatory Cytokines
The BALF from sham animals treated with vehicle or 0.4 mg/kg nicotine had virtually undetectable levels of the inflammatory chemokines MIP-1α, MIP-2, and eotaxin (Fig. 2a) . Administration of LPS dramatically increased BALF levels of MIP-1α, MIP-2, and eotaxin (Fig. 2a) , with nicotine at both 0.2 and 0.4 mg/kg significantly attenuating the increase in both MIP-1α and MIP-2 ( Fig. 2a) while returning the eotaxin levels to that observed in sham-treated animals (Fig. 2a) . LPS administration also significantly increased BALF levels of the inflammatory cytokines IL-1, IL-6, and TNF-α (Fig. 2b, c) , with nicotine treatment (0.2 and 0.4 mg/kg) significantly reducing the LPS-mediated increase in inflammatory cytokine levels (Fig. 2b, c) .
Nicotine Reduces Morphologic Damage in Lungs Exposed to Lipopolysaccharide
As illustrated in Fig. 3 , the lungs of mice exposed to LPS showed marked inflammatory alterations characterized by a thickening of the alveolocapillary membrane, the presence of alveolar hemorrhage, and massive extravasation of both mono-and polymorphonuclear leukocytes into the alveolar space as compared to sham mice. In contrast, the histological lung damage was less pronounced in mice treated with nicotine, with both erythrocytes and leukocyte infiltration into the alveolar spaces being reduced. Morphological analysis showed no difference between mice treated with nicotine (0.4 mg/kg) alone and sham mice (data not shown).
DISCUSSION
The data presented demonstrate that nicotine treatment reduces LPS-induced lung inflammation in a murine model of ARDS. The protective effect of nicotine is likely to be associated with its anti-inflammatory effect, suggesting a possible therapeutic strategy of activating the cholinergic anti-inflammatory pathway in ARDS.
Activation of the anti-inflammatory cholinergic pathway, either through vagal stimulation [10, 29] or direct activation of nicotinic acetylcholine receptors by nicotine administration [18, 30, 31] , has been demonstrated to be anti-inflammatory in a wide variety of inflammatory disease states [9] . More recently, the cholinergic anti-inflammatory pathway has been activated following pharmacologic cholinesterase inhibition [32, 33] or application of the acetylcholine precursor choline [34] .
Specific receptors for nicotine have been shown to be present on lymphocytes from human, rat, and mouse [9] . Nicotine has been shown to have T cell-dependent andindependent effects, with the anti-inflammatory effects of nicotine receptor activation having been identified as mediated through the activation of the alpha7 nicotinic acetylcholine receptor (alpha7nAChR) located on immune cells [13, 34] . The subsequent alpha7nAChR-meduiated activation of jak2 and STAT 3 [14] results in a decrease in pro-inflammatory cytokine production, particularly TNF-α [34, 35] , through an inhibitory effect on NF-κB activation [36] . Nicotine suppresses the production of inflammatory mediators such as IL-1, IL-8, and PGE 2 from human macrophages [36] and IL-2 and TNF-α from human mononuclear cells [34] , an effect again mediated through the modulation of NF-κB activation [36] . Recently, admin- istration of the cholinesterase inhibitor physostigmine in an experimental model of sepsis was shown to reduce the activation of NF-κB and suppress circulating pro-inflammatory cytokines (TNF-α, IL-1, and IL-6) and neutrophil infiltration [33] .
ARDS is associated with the development of interconnected inflammatory cascades, with proinflammatory cytokines playing a central role in the initiation and propagation of the inflammatory response leading to lung injury. Of these cytokines, TNF-α, IL-1, and IL-6 are considered pivotal, with high levels of these cytokines observed in nonsurviving ARDS patients as compared to surviving patients [5, 6] . Pro-inflammatory cytokines including TNF-α, IL-1, and IL-6 have been implicated in the destruction of alveolar epithelium and leakage of capillaries leading to pulmonary edema, a hallmark of ARDS [37] . Nicotine had previously proved effective in reducing lung inflammation in asthma [22] , pneumonitis [38] , and acid-induced injury [31] . In this model of ARDS, nicotine again proved very effective at reducing the inflammation, decreasing the levels of TNF-α, IL-1, and IL-6 and hence the lung damaging effects of these cytokines reducing lung edema. Nicotine has been shown to decrease inflammatory cytokine production by macrophages and other mononuclear cells, and this may account for the protective effect in ARDS; however, it may also be possible that nicotine initially affects chemokine production, thus reducing migration of inflammatory cells such as leukocytes to the site of inflammation and damage.
The presence of infiltrating leukocytes is the hallmark of pulmonary inflammation associated with acute lung injury [3, 39] , with chemokines [4] such as MIP-1α and MIP-2 regulating the recruitment to and activation of these leukocytes at sites of inflammation; lung levels of both increase following LPS treatment in vivo [27] . Another chemokine, eotaxin, had previously been thought to increase in asthma and other allergic reactions [40] , but recent human data have indicated that this chemokine also goes up in ARDS [41] , and here, we have shown for the first time in an animal model of ARDS that LPS treatment in vivo also increases lung levels of eotaxin, though not to the same extent as MIP-1α and MIP-2. The reduction in leukocyte infiltration is an important mechanism underlying the beneficial affects on edema as neutrophils and the pro-inflammatory environment they produce are considered the primary effectors of alveolocapillary damage in ARDS [2, 3] .
The protective effects of nicotine in ARDS may well be a direct effect reducing both immune cell infiltration via decreased chemokine levels and reducing inflammatory cellular damage via decreased pro-inflammatory cytokine levels through inhibitory second messenger systems on NF-κB activation. However, the two are obviously linked with reduced immune cell infiltration also reducing inflammatory cytokine production at the site on inflammation and vice versa, with a reduction in inflammatory cytokine-mediated cellular damage reducing immune cell infiltration. Therefore, an overall effect following activation of the cholinergic antiinflammatory pathway may be to alter the development of chemotactic gradients, thereby acting as a powerful downregulator of leukocyte trafficking in inflammatory conditions. This study indicates that activation of the cholinergic anti-inflammatory pathway produces marked antiinflammatory effects in a clinically relevant animal model of ARDS. Nicotine may not be suitable for therapeutic application in the clinical setting for ARDS; however, studies have indicated that other methods of cholinergic activation exist, including direct activation of the vagus nerve [10] or administration of either a cholinesterase inhibitor [32] or acetylcholine precursor choline [34] , all of which reduce inflammation. Therefore, future development of therapeutic strategies to activate the cholinergic anti-inflammatory pathway may be useful in treating ARDS and other inflammatory conditions.
